Sec7 guanine nucleotide exchange factor; GBF1; ADP-ribosylation factors; Golgi; oligomerization; membrane trafficking THE INTEGRITY of the secretory pathway and cargo transport are critically dependent on the activity of small GTPases of the ADP-ribosylation factor (Arf) family (46) . Like all GTPases, Arfs cycle between an inactive GDP-bound state and an active GTP-bound state that facilitates compartment homeostasis and cargo traffic. Arfs have low intrinsic GDP/GTP exchange activity and in cells interact with members of a family of guanine nucleotide exchange factors (GEFs) that catalyze the GDP/GTP exchange reaction (2, 12) . The catalysis is mediated by a highly conserved ϳ200-amino acid Sec7 domain that is present in all Arf GEFs. A subfamily of large (Ͼ200 kDa) Arf GEFs includes the mammalian GBF1, BIG1, and BIG2 proteins. Each has been implicated in compartment biogenesis and cargo traffic within the secretory and/or endocytic pathways (10, 23, 24, 32, 47, 49, 50, 59) . GBF1, which regulates these functions at the endoplasmic reticulum (ER)-Golgi interface, sustains ARF activation required for the recruitment of the COPI coat (13, 17, 25, 48, 56, 61) . Inactivation of GBF1 by introducing specific mutations within its catalytic Sec7 domain or by treating cells with Brefeldin A (BFA), a specific inhibitor of some Sec7 domain GEFs, leads to the dissociation of COPI from membranes, the collapse of the Golgi into the ER, and the inhibition in secretory traffic.
The large Arf GEFs contain a highly conserved central Sec7 domain and five noncatalytic domains: the NH 2 -terminal dimerization and cyclophilin binding (DCB) domain and the homology upstream of Sec7 (HUS) domain and three COOHterminal downstream of Sec7 (HDS1-3) domains (Fig. 1D ). The NH 2 -terminal DCB-HUS region appears essential to GBF1 function, as deletion of amino acids 1-294 of GBF1 results in loss of membrane association (33) . In agreement, loss of the entire DCB domain in the yeast ortholog of GBF1, Gea1p, adversely affects yeast viability (53) . The HUS domain contains a highly conserved ϳ9-amino acid HUS box, and this region has been shown to interact with the DCB domain in yeast two-hybrid assays (45) . Mutations within the HUS domain (E646G, F481L, F477S, D485G, and F477S) in the yeast GBF1 ortholog Gea2p also decrease its membrane association (41, 44) , suggesting that the HUS domain also may be important for function.
The DCB domain of the Arabidopsis GBF1 ortholog GNOM has been implicated in dimerization: the DCB domain was shown to homodimerize (and to dimerize with larger fragments containing the DCB or the full-length GNOM) by yeast twohybrid analysis and/or by coprecipitation (20) . Similarly, DCB and HUS domains of mammalian GBF1 and BIG2 interact with the cognate domains by yeast two-hybrid analyses and by in vitro experiments with recombinant NH 2 -terminal GEF fragments (45) . The DCB domains of GBF1 orthologs from a wide range of species in multiple phyla show regions of high conservation (Fig. 1A) . Included in those regions are lysine at position 91 (K91) and glutamic acid at position 130 (E130), according to the human GBF1 sequence numbering. The K91 and E130 residues appear to play a key role in oligomerization: the substitution of K91 with alanine abolishes a homotypic DCB-DCB interaction, while the substitution of E130 with alanine abolishes a heterotypic DCB-HUS interaction (45) . However, despite the apparent requirement for the DCB and HUS domains for GEF function and GEF dimerization, the role of oligomerization in GEF localization or activity has not been experimentally addressed. Thus we inquired whether oligomerization affects the ability of GBF1 to target to membranes and/or its function. We engineered the K91A and E130A substitutions into full-length GBF1 and used native gel electrophoresis to show that the resultant protein is compromised in oligomerization. We then assessed the ability of the 91/130 mutant to target to the Golgi and assayed its activity by testing its ability to support Arf activation, COPI recruitment to membranes, Golgi biogenesis, and cargo traffic. In addition, we assessed whether the 91/130 mutant can support poliovirus replication and compared the half-lives of green fluorescent protein (GFP)-tagged GBF1 (GFP-GBF1) and GFP-91/130 in cells.
MATERIALS AND METHODS
Antibodies. Polyclonal and monoclonal GFP antibodies and monoclonal p115 and polyclonal GBF1 antibodies were purchased from Abcam (Cambridge, MA); monoclonal GBF1 antibodies were obtained from BD Bioscience (San Jose, CA); monoclonal GM130 antibodies were from BD Transduction Laboratories (Mississauga, ON, Canada); monoclonal ␤-COP, Golgin-245, and hemagglutinin (HA) antibodies were from Roche (Indianapolis, IN). Monoclonal ER-Golgi intermediate compartment (ERGIC)53 antibodies were a gift from Hans-Peter Hauri (Basel, Switzerland). Polyclonal FAPP2 and MINT3 antibodies were from R. A. Kahn. Monoclonal BIG1 antibodies were raised against a 311-amino acid fragment (residues 212-522) of human BIG1. Polyclonal Golgin-160 antibodies were from Carolyn Machamer (Johns Hopkins, MD). Secondary anti-rabbit and anti-mouse antibodies, each conjugated with horseradish peroxidase (HRP), were purchased from Pierce/Thermo Fisher Scientific (Rockford, IL); secondary antibodies conjugated with Alexa 488 or Alexa 594 were from Invitrogen (Madison, WI).
Reagents. Complete protease inhibitor cocktail, EDTA-free was from Santa Cruz (Santa Cruz, CA). Trypsin, BFA, cycloheximide, and other common laboratory reagents were purchased from SigmaAldrich (St. Louis, MO). EnduRen cell-permeant Renilla luciferase substrate was from Promega (Madison, WI).
Plasmids. NH 2-terminal GFP-tagged GBF1 (GFP-GBF1) was constructed by subcloning human GBF1 into the pEGFP vector with XhoI and XmaI restriction enzymes. Mutant GFP-GBF1/E794K (GFP-794), GFP-GBF1/A795E (GFP-795), GFP-GBF1/K91A/E130A (GFP-91/ 130), GFP-GBF1/K91A/E130A/E794K (GFP-91/130/794), and GFP-GBF1/K91A/E130A/A795E (GFP-91/130/795) were constructed with Stratagene's XL Site-Directed Mutagenesis Kit (La Jolla, CA) according to the manufacturer's directions. Inserts in each plasmid were sequenced to confirm introduction of desired mutations and the lack of others. NH 2-terminal, HA-tagged human ARF1 (HA-ARF1) was a generous gift from Dr. Julie Donaldson (National Institutes of Health, Bethesda, MD). pGLuc basic 2 vector was from New England BioLabs (Ipswich, MA). Plasmid pXpA-RenR coding for poliovirus replicon expressing Renilla luciferase has been described previously (6) .
Mammalian cell culture and transfection. HeLa cells were grown in minimum essential medium and Dulbecco's modified Eagle's Fig. 1 . Oligomerization of GBF1 requires K91 and E130. A: alignment of the dimerization and cyclophilin binding (DCB) domains of GBF1 orthologs from various organisms show conservation of K91 and E130 (boxed). Numbering according to the human GBF1 sequence. B: lysates prepared from HeLa cells expressing either green fluorescent protein (GFP)-tagged GBF1 (GFP-GBF1) or GFP-91/ 130 were separated on blue native gels, transferred to PVDF membranes, and immunoblotted with anti-GFP. GFP-GBF1 (wt) predominantly migrates at ϳ880 kDa, while GFP-91/130 predominantly migrates at ϳ650 kDa. C: lysates prepared from HeLa cells expressing either GFP-GBF1 or GFP-91/130 were incubated without or with 2.5 g/ml trypsin for indicated times, separated by SDS-PAGE, and processed for immunoblotting with anti-GFP. Timedependent proteolysis of both constructs is detected in the presence of trypsin. The predicted molecular weights of the fragments are indicated. D: schematic of GFP-GBF1 showing the domains and the approximate cleavage sites generating the fragments detected in C. The amino acid residues indicated above the fragments represent the bioinformatically predicted putative cleavage sites for trypsin. HUS, homology upstream of Sec7; HDS, homology downstream of Sec7. medium, supplemented with glucose and glutamine and 10% fetal bovine serum, 100 U/ml penicillin, 100 mg/ml streptomycin, and 1 mM sodium pyruvate. All these reagents were purchased from Cellgro (Manassas, VA). Cells were grown at 37°C in 5% CO 2 until ϳ75% confluent and were transfected with Mirus TransIT-LT1 Transfection Reagent (Mirus Bio, Madison, WI) according to the manufacturer's instructions. After transfection, cells were grown overnight and either processed for immunofluorescence or lysed with RIPA buffer (50 mM Tris·HCl, pH 7.5, 150 mM NaCl, 1% Nonidet P-40, 0.5% deoxycholate Na, 0.1% SDS, containing protease inhibitor cocktail).
Immunofluorescence microscopy. In some experiments, cells were incubated with BFA or cycloheximide (concentrations and length of time indicated in figures) before processing by immunofluorescence (IF) or solubilization for SDS-PAGE. Cells were processed for IF as follows: cells were washed three times in PBS, fixed in 3% paraformaldehyde in PBS for 10 min, and quenched with 10 mM ammonium chloride in PBS for another 10 min. Subsequently, cells were permeabilized in 0.1% Triton X-100 in PBS for 7 min. The coverslips were then washed in PBS and blocked in PBS containing 2.5% goat serum and 0.2% Tween 20 for 5 min and in PBS, 0.4% fish skin gelatin, 0.2% Tween 20 for another 5 min. Cells were incubated with primary antibody diluted in 0.4% fish skin gelatin for 1 h at room temperature, washed in PBS-0.2% Tween 20, and blocked as described above. Subsequently, cells were incubated with secondary antibodies diluted in 2.5% goat serum for 45 min at room temperature. Nuclei were stained with Hoechst; coverslips were washed with PBS-0.2% Tween 20 and mounted on slides in ProLong Gold antifade reagent (Invitrogen). Cells were visualized with a Leitz Wetlzar microscope with epifluorescence and Hoffman modulation contrast optics from Chroma Technology. Images were captured with a 12-bit CCD camera from Q imaging using iVision-Mac software.
Confocal imaging studies were performed with a Perkin Elmer Ultraview ERS 6FE spinning disk confocal attached to a Nikon TE 2000-U microscope equipped with laser and filter sets for FITC, TRITC, and DAPI fluorescence. Images were captured with a Hamamatsu C9100-50 EM-CCD camera (Hamamatsu Photonics, Hamamatsu, Japan) and ϫ60 or ϫ100 Plan APO oil-immersion objectives. The imaging system was controlled by Volocity 6.2 software (Perkin Elmer, Shelton, CT).
Golgi localization was quantified with confocal images that were acquired as described above. Intensity threshold for each channel was set at the sum of the mean intensity of a region of interest outside the transfected cell and three times its standard deviation. Mander's overlap coefficient (M1) was calculated as the ratio of Αi redColoc to Αired, where iredColoc ϭ voxel intensities from the red channel that are brighter than threshold for the red channel that are localized with intensities from the green channel that are brighter than threshold for the green channel and ired ϭ intensities from the red channel brighter than threshold for the red channel. Hence M1 represents the fraction of red fluorescence that colocalizes with the green fluorescence. These calculations were done with Volocity 6.2 software.
Fluorescence recovery after photobleaching. For live cell fluorescence recovery after photobleaching (FRAP) imaging, cells were cultured on 12-mm coverslips for 16 h after transfection. During the imaging, coverslips were placed on the thermostage with the temperature set at 37°C, 5% CO2, and 70% relative humidity. During imaging, cells were maintained in a medium buffered with HEPES, pH 7.4 (Live Cell Imaging Solution, Molecular Probes, Grand Island, NY). Imaging acquisition was with a ϫ100 oil objective using the confocal setup described above.
Only cells expressing moderate levels of GFP-GBF1 or GFP-91/ 130 were selected for FRAP. A 488-nm high-intensity argon laser beam was set up to photobleach a spot ϳ2 mm in diameter within a cell. Postbleach images were obtained every second, and 17 FRAP recordings were obtained for GFP-GBF1 and 18 FRAP recordings for GFP-91/130. For analysis of each recording, the bleached region was selected with the Region of Interest (ROI) free hand tool in Volocity software. The mean fluorescence intensities across the bleached ROI were noted for each sampling time point. Similarly, the fluorescence intensities of a background region and an unbleached Golgi region were obtained to correct for background intensity and photobleaching loss respectively. The percent corrected intensity recovered was then plotted on an exponential recovery curve with ImageJ. Half-life (t1/2) values were graphically calculated from the exponential recovery fits.
Imaging was performed on cells from at least two independent transfections.
SDS-PAGE and Western blotting. Proteins were resolved by 8% SDS-PAGE prior to transfer to NitroPure nitrocellulose (NC) membrane (Micron Separations, Westborough, MA) by wet transfer for 90 min at 100 mV. Membranes were probed with antibodies indicated in Gao et al. (16) . In secretion and poliovirus replication experiments, at the end of the experiment the cells were lysed with a mild lysis buffer (0.1 M Tris·HCl pH 7.8, 0.5% Triton X-100) supplemented with protease inhibitor cocktail from Sigma-Aldrich and the nuclei were discarded after centrifugation for 10 min at 5,000 g. The Western blot band intensity measurements and the half-life calculations were performed with ImageJ.
BN-PAGE. Cell lysates were analyzed on 4 -16% BN-PAGE gels (Invitrogen), and electrophoresis was carried out according to manufacturer's instructions, with molecular weight standards from Invitrogen (catalog no. LC0725). After electrophoresis, gels were transferred overnight onto a PVDF membrane at 20 V. The next morning, membranes were washed in PBS containing 0.1% Tween 20 for several hours to wash off excess Coomassie blue. Complexes were detected by incubation of the membrane in GBF1 antibody overnight at 4°C, washing the membrane with PBS containing 0.1% Tween 20, and detecting with secondary antibodies coupled to HRP (as described for Western blotting above).
Proximity ligation assay. Cells were subjected to proximity ligation assay after the indicated treatment, with Duolink II fluorescence reagent (Sigma-Aldrich) according to the manufacturer's protocol. Briefly, cells grown on coverslips in six-well plates were cotransfected with GFP-GBF1 and HA-ARF1 constructs and grown overnight. Cells were washed, fixed in 3% paraformaldehyde, blocked with fish skin gelatin (as described above), and incubated with primary GFP and HA antibodies for 1 h. Cells were washed as above and incubated with secondary antibodies conjugated with oligonucleotides (anti-mouse-PLA probe MINUS and anti-rabbit-PLA probe PLUS) for 1 h at 37°C. Cells were washed again (as above) and incubated with ligation solution for 30 min at 37°C. Cells were washed in buffer A and incubated with amplification-polymerase solution for 90 min at 37°C. Cells were washed in buffer B and then in 0.01ϫ buffer B. Coverslips were mounted on slides and analyzed as above.
Secretion assay. HeLa cells were cotransfected with pCMV-GLUC encoding Gaussia princeps luciferase and either an empty vector or plasmids coding for GFP-795 or GFP-91/130/795 and grown overnight. The next day the cells were washed with serum-free medium to get rid of the already secreted luciferase and placed in fresh growth medium containing the indicated amount of BFA (in DMSO solvent; DMSO also used in control). After 4 h of incubation, 20 l of medium was assessed for the presence of luciferase with the GLUC assay kit (New England Biolabs) according to the manufacturer's directions. Samples were quantitated with a Tecan M1000 multifunctional plate reader. Signal from at least eight wells is averaged for each sample.
Poliovirus replication assay. Polio replicon assay was performed essentially as described in Reference 6, with minor modifications. Briefly, HeLa cells grown in 96-well plates were transfected with an empty vector or plasmids coding for GFP-795 or GFP-91/130/795 and grown overnight. The next day the cells were transfected with 10 ng of RNA per well of in vitro-transcribed purified poliovirus replicon RNA with Mirus Trans-It mRNA transfection reagent (Mirus Bio) according to the manufacturer's directions. Transfection mix was added to growth medium containing EnduRen cell-permeant Renilla luciferase substrate (Promega) and the indicated amount of BFA. Cells were incubated in the heating chamber of a Tecan M1000 plate reader at 37°C, and the luciferase signal was measured each hour for 16 h. The signal for each sample is averaged from at least eight wells.
Limited proteolysis. HeLa cells were transfected with GFP-GBF1 or GFP-91/130 and lysed after 24 h with a buffer containing 20 mM HEPES, 0.1 M KCl, 1 mM MgCl 2, and 0.5% Triton X-100 at pH 7.4. Cells were then treated with 2.5 g/ml of porcine trypsin in a buffer containing 50 mM Tris, 50 mM NaCl, and 1 mM CaCl2 at pH 8.0. Samples at time 0, 15, and 30 min were analyzed by immunoblotting with anti-GBF1 and anti-GFP antibodies as described above. The migration distance and approximate size (in kDa) of the cleaved fragments were calculated by plotting the molecular mass ladder bands on a logarithmic graph to obtain a standard migration curve. We identified the possible trypsin cleavage sites in the sequence of human GBF1 by using the "Peptide Cutter" tool on the ExPASy database.
RESULTS

K91 and E130 within the DCB domain are required for GBF1 oligomerization.
We generated a double point mutant of GBF1 that was predicted to have decreased propensity toward oligomerization, based on the requirement for K91 and E130 for dimerization of NH 2 -terminal GBF1 fragments in vitro. We compared the oligomerization status of GFP-91/130 to that of GFP-GBF1 when expressed in HeLa cells, using nondenaturing blue native polyacrylamide gels. Cell lysates were prepared without detergent or with 1% Nonidet P-40, proteins were resolved by electrophoresis in native blue gels, and the GBF1 species were detected by immunoblotting with antibodies to GFP. Human full-length GBF1 is 1,859 residues in length and is predicted to be ϳ206 kDa, plus ϳ28 kDa or ϳ234 kDa when tagged with GFP. As shown in Fig. 1B , GFP-GBF1 is predominantly detected as a large species migrating at ϳ880 kDa, as determined by comparison to the electrophoretic mobility of protein standards. This is significantly larger than the expected size of ϳ460 kDa if GFP-GBF1 was a globular dimer and suggests that GBF1 has a partially extended conformation. The larger than expected size of GFP-GBF1 is in agreement with the larger than expected size of endogenous BIG1 and BIG2 that eluted larger than the 669-kDa thyroglobulin marker during exclusion gel chromatography (60) . In contrast, the GFP-91/130 mutant predominantly migrates as a smaller species of ϳ650 kDa, consistent with the premise that K91 and E130 are involved in GBF1 oligomerization.
We also detected smaller amounts of an ϳ650-kDa species in lysates from cells expressing full-length GFP-GBF1, perhaps representing a small pool of unoligomerized GBF1. In addition, a ϳ250-kDa species was detected in cells expressing either GFP-GBF1 or GFP-91/130 and may result from degradation because it migrates at ϳ150 kDa in denaturing SDS-PAGE gels. Thus the observed differences in migration between denaturing and nondenaturing gels result from both an extended shape of the GBF1 in solution and its propensity toward oligomerization. Taken together, our data are consistent with the conclusion that GBF1 exists in an oligomeric form in cells and that oligomerization is compromised by the K91A and E130A substitutions.
To compare the overall folding of the wild type and the 91/130 mutant of GBF1, we used limited proteolysis. Lysates prepared from HeLa cells expressing GFP-GBF1 or GFP-91/ 130 were incubated with trypsin at room temperature for varying lengths of time; proteins were then resolved in SDS-PAGE gels and immunoblotted with GFP antibodies. Because the GFP moiety is at the NH 2 terminus of both constructs, any band detected with anti-GFP antibodies contains the NH 2 terminus. As shown in Fig. 1C , in the absence of added trypsin, the GFP antibodies predominantly detect the uncleaved ϳ230-kDa full-length GFP-GBF1 and GFP-91/130, as well as minor amounts of an ϳ35-kDa product after 15 and 30 min of incubation. A nonspecific band at ϳ44 kDa is detected in all lanes. The addition of trypsin leads to a rapid degradation of the ϳ230-kDa GFP-GBF1 and GFP-91/130 bands and the concomitant appearance of ϳ175-kDa, ϳ110-kDa, and ϳ52-kDa degradation products. Based on the approximate molecular masses of the fragments, the cleavages are predicted to occur close to residues 80, 235, 762, and 1353 within the GBF1 sequence (Fig. 1, C and D) . Analysis of GBF1 sequence near those amino acids suggests a possible trypsin cleavage after R73 (to generate the ϳ80-amino acid fragment), K231 or R232 (to generate the ϳ235-amino acid fragment), R758 or K759 (to generate the ϳ762-amino acid fragment), and K1351 (to generate the ϳ1,353-amino acid fragment). Importantly, the same size fragments are generated with wild-type GBF1 and the 91/130 mutant, suggesting a commonality to the folded structures.
91/130 targets to the Golgi. The GFP-91/130 mutant provided the opportunity to assess the role of oligomerization in GBF1 localization and function. GBF1 is a peripheral membrane protein that rapidly cycles between cytosolic and membrane-associated pools (40, 55) . Membrane association of GBF1 is facilitated by its interactions with the activated form of Rab1b, and GBF1 represents a Rab1b effector (36) . The interaction is mediated by the NH 2 -terminal domain of GBF1 (amino acids 1-380 are sufficient for Rab1b binding) and is essential for membrane localization, since deletion of the NH 2 -terminal 294 amino acids (containing the oligomerization domain) prevents membrane association of GBF1 (36) .
We expressed GFP-91/130 in HeLa cells and assessed its cellular localization by double-label IF. As shown in Fig. 2A , GFP-91/130 colocalizes with the Golgi marker GM130 in the perinuclear region, suggesting that the lack of oligomerization does not alter GBF1 membrane targeting. Endogenous and exogenously expressed wild-type GBF1 localize to the Golgi and the ERGIC but show limited colocalization with markers of the trans-Golgi network (TGN) (17, 25, 62) . We confirmed that GFP-91/130 targets to the ERGIC by showing extensive colocalization with the marker of that compartment, ERGIC53 (Fig. 2B) . In contrast, GBF1, GFP-GBF1, and GFP-91/130 show similar and limited colocalization with the Golgin-245 marker of the TGN (Fig. 2C) . The expression of the 91/130 mutant does not appear to perturb Golgi architecture, suggesting that either this mutant does not compete with endogenous GBF1 or, if it does, it can support Golgi homeostasis (see below).
GBF1 is a soluble cellular protein that exists in cytosolic and membrane-associated pools. To compare the steady-state distribution of GFP-GBF1 and GFP-91/130, we quantitated the amount of Golgi-localized (defined by colocalization with GM130) and cytosol-localized protein in cells by measuring average pixel density at the Golgi relative to the entire cell and determining the M1. As shown in Fig. 2D , the M1 for GFP-GBF1 against GM130 was 0.979 Ϯ 0.026 (mean Ϯ SD), while the M1 for the 91/130 mutant was 0.988 Ϯ 0.013. These values are not statistically different (t-test, P ϭ 0.0646), suggesting that the 91/130 mutant targets to the Golgi as well as wild-type GBF1. Thus preventing oligomerization does not appear to compromise the ability of GBF1 to associate with Golgi membranes.
GBF1 association with Golgi membranes is dynamic, as revealed in previously described FRAP measurements that showed that GFP-GBF1 rapidly (t 1/2 ϳ17 s) exchanges between the cytosolic and membrane-bound pools (40, 55) . We used FRAP to compare the behavior of GFP-GBF1 and GFP-91/130 at the Golgi. As shown in Fig. 2E , we detected rapid exchange of GFP-GBF1 with a t 1/2 of ϳ9 s. This t 1/2 is slightly shorter than that previously published and most likely is due to the increased frequency of sampling and improved instrumentation (see MATERIALS AND METHODS). GFP-91/130 was also very dynamic and exchanged with a t 1/2 of ϳ5 s (Fig. 2E) . The increased speed of recovery is likely due to the increased rate of diffusion of the smaller GFP-91/130 relative to the GFP-GBF1 oligomer.
We and others (40, 55) have shown that the rate of recovery after photobleaching is influenced by the catalytic activity of GBF1 and this rate is lengthened to ϳ50 s when GBF1 activity is arrested in a complex with its Arf-GDP substrate through an inactivating mutation in GBF1, a mutation in Arf that prevents GDP/GTP exchange, or treatment of cells with BFA (which arrests an Arf-GDP-GEF complex). Thus FRAP kinetics can be used as an indirect readout of GBF1 catalytic activity, with extended FRAP times indicative of compromised function. The lack of FRAP delay and the similarity in the exchange rates between GFP-GBF1 and GFP-91/130 suggest that the mutant might be catalytically active (see below).
Inactivation of 91/130 disrupts the Golgi. To probe whether oligomerization influences the ability of GBF1 to integrate into the network of proteins that together with GBF1 facilitate traffic, we took an indirect approach of testing whether inactivating the 91/130 would result in a phenotype analogous to that of inactivating wild-type GBF1. Like all Arf GEFs, GBF1 contains an invariant "glutamic finger" residue within the active site of the Sec7 domain (9) . Substitution of this critical residue (E) with a lysine (K) introduces a charge reversal and prevents the catalytic exchange of GDP to GTP on the substrate Arf (37, 38) . Within the human GBF1, the "glutamic finger" is at position E794, and when mutated to K794 the resultant GBF1/E794K (GBF1-794) targets to the Golgi (Fig. 3A, arrow) , where it eventually leads to the disassembly of the Golgi into punctate structures scattered throughout the cell (Fig. 3A , cell marked with asterisk and Refs. 17, 56) .
We introduced the inactivating E794K mutation into GFP-91/130 and transfected the resultant construct (GFP-91/130/ 794) into HeLa cells. Like GBF1-794, GFP-91/130/794 also targets to the Golgi (Fig. 3B, arrows) and eventually causes extensive Golgi fragmentation (Fig. 3C, cells marked with  asterisks) . The effects of the catalytically inactive GFP-91/ 130/794 appear analogous to those observed for the catalytically inactive GFP-794, suggesting that GFP-91/130/794, like GFP-794, competes with endogenous GBF1 (and thus integrates into a functional trafficking network) to disrupt the Golgi.
91/130 supports Golgi architecture. The functional status of the 91/130 mutant was further tested with a cellular substitution assay in which HeLa cells were transfected with constructs directing expression of BFA-resistant wild-type or mutant GBF1 and subsequently treated with BFA to inactivate the endogenous GBF1.
The catalytic Sec7 domain forms a stable, trimeric complex with Arf, GDP, and the inhibitor BFA (37), but GBF1 can be made resistant to the effects of BFA through the introduction of mutations within the Sec7 domain. A set of mutations that confer BFA resistance to the yeast GBF1 ortholog Gea1 has been identified and includes residues that directly contact BFA, such as substitutions of Y695F and M699L, as well as residues that do not directly contact BFA, such as F691, N721, and C725 (42) (43) (44) . A mutation in human GBF1 that confers BFA resistance in BER40 cells (derived from monkey Vero cell line) as well as human HeLa cells has been identified as a substitution of alanine at position 795 with glutamic acid (6).
The A795 residue is adjacent to the catalytic "glutamic finger" at position 794 and is predicted to be involved in BFA binding, based on the crystal structure of a complex of the Sec7d from Gea1, Arf1, and BFA (37) . Importantly, the A795E mutation is not detrimental to GBF1 activity, as the GBF1/A795E (795) mutant is capable of supporting normal growth and secretion (6) . We engineered the BFA-resistance-conferring A795E mutation into GFP-91/130 to generate the BFA-resistant GFP-91/ 130/795 and assessed its localization relative to the BFAresistant GFP-795 in the absence of BFA. As shown in Fig. 4 , BFA-resistant GBF1/795 (Fig. 4A) and BFA-resistant 91/130/ 795 (Fig. 4D) target to the Golgi indistinguishably in the absence of BFA.
To test the functionality of 91/130/795, its ability to support Golgi architecture was compared to that of GBF1/795. HeLa cells were transfected with GFP-795 or GFP-91/130/795, and 1 day later cells were treated with 2 g/ml BFA for 1 or 2 h and the architecture of the Golgi complex was assessed by staining for the Golgi marker GM130. As shown in Fig. 4 , B and C, cells expressing GFP-795 maintain recognizable Golgi structures even after 1 or 2 h of BFA treatment, indicating that loss of sensitivity to BFA was achieved. In contrast, untransfected cells show complete Golgi dispersion. Similar to GFP-795, cells expressing GFP-91/130/795 also show compact Golgi, while adjacent untransfected cells have disrupted Golgi (Fig. 4,   Fig. 3 . 91/130 competes with endogenous GBF1. HeLa cells were transfected with GFP-794 or GFP-91/130/ 794 and after 24 h processed by IF to detect GFP and the GM130 Golgi marker. A: GFP-794 targets to the Golgi when expressed at low levels (cell marked with arrow) but causes Golgi disruption when expressed at higher levels (cell marked with asterisk). B: GFP-91/130/794 also targets to the Golgi when expressed at low levels (cells marked with arrows). C: GFP-91/130/794 also causes Golgi fragmentation when expressed at higher levels (cells marked with asterisks). Both GFP-794 (A) and GFP-91/130/794 (C) colocalize with GM130 in the dispersed Golgi fragments. Bars, 10 m.
E and F). This suggests that the GFP-91/130/795 mutant can support Golgi morphology when endogenous GBF1 is inhibited by BFA.
The functionality of the GFP-91/130/795 mutant was quantitated by measuring changes to Golgi architecture (as assessed by GM130 distribution) in untransfected cells and in cells transfected with GFP-795 or GFP-91/130/795 and either untreated or treated with 0.5 or 1 g/ml BFA for 30 min. As shown in Fig. 4G , in the absence of BFA similarly high levels (Ͼ96%) of untransfected cells and cells transfected with either GFP-795 or GFP-91/130/795 display intact Golgi. In contrast, in the presence of 1 g/ml BFA the vast majority (ϳ90%) of untransfected cells have disrupted Golgi, while the majority of cells expressing GFP-795 (ϳ95%) and cells expressing GFP-91/130/795 (ϳ84%) have intact Golgi. In corollary experiments, cells were lysed and the lysates processed by immunoblotting to detect the levels of GFP-795 or GFP-91/130/795. Slightly lower expression levels of the GFP-91/130/795 construct were detected in all blots (see Fig. 8 , B and D, for representative images). Thus the observed difference in Golgi rescue between GFP-795 and GFP-91/130/795 may be due to the lower levels of GFP-91/130/795. This is consistent with the increased susceptibility to degradation of GFP-91/130 (see below). 
91/130 supports Arf activation and recruitment of BFAsensitive Golgi components.
The ability of GFP-91/130/795 to maintain Golgi architecture suggests that oligomerization might not be required for GBF1 function and that GFP-91/130/ 795 can act in cells as an Arf GEF. We used the cellular substitution assay to assess Arf activation by measuring the recruitment of the heptameric COPI coatomer to the Golgi, an event dependent on GDP/GTP exchange on Arf (21, 30) . As shown in Fig. 5 , GFP-795 colocalizes with the COPI coat (visualized with an antibody to the ␤-COP subunit) in cells without BFA (Fig. 5A ) and supports ␤-COP recruitment to membranes in cells treated with 0.5 g/ml BFA for 30 min (Fig. 5B) . Cells not expressing GBF1-795 show dispersed ␤-COP (Fig. 5B, asterisk) . Similarly, ␤-COP is recruited to the Golgi complex in cells expressing the BFA-resistant GFP-91/ 130/795 in the absence (Fig. 5C ) and the presence (Fig. 5D ) of BFA. Adjacent untransfected cells show dispersed ␤-COP (Fig. 5D, asterisk) . This suggests that the 91/130 form of GBF1 is capable of supporting all the events required for ␤-COP recruitment, including Arf activation.
In addition to recruiting COPI to the Golgi, activated Arf is also essential for the recruitment of the sphingolipid transfer protein FAPP2 (19) , the TGN coat MINT3 (51), the cis-medial Golgi Golgin-160 (22) and the TGN-localized GEF BIG1 (60) . To assess whether GBF1 oligomerization may play a role in the recruitment of these proteins, we compared their membrane association in cells expressing GBF1-795 or 91/130/795 and treated with 0.5 g/ml BFA for 30 min. As shown in Fig. 6A , FAPP2 remained associated with Golgi membranes in cells expressing either GBF1-795 or 91/130/795, while it was diffusely distributed throughout untransfected cells. Similarly, MINT3 (Fig. 6B) , Golgin-160 (Fig. 6C) , and BIG1 (Fig. 6D ) associated with Golgi membranes in cells expressing either GBF1-795 or 91/130/795 but not in untransfected cells. This implies that the 91/130 form of GBF1 is capable of supporting Arf activation that is required for the recruitment of multiple Arf-dependent proteins.
To extend our analysis of 91/130 functionality, we assessed its ability to bind Arf1, using a proximity ligation assay. Proximity ligation allows the in situ detection of interacting molecules that are within 40 nm of each other (31, 52) . In this assay, interactions are detected as red fluorescence. We first validated the proximity ligation method by testing the in situ interaction between endogenous p115 and GM130, two Golgi proteins known to directly interact (1, 29) . As shown in Fig.  7A , processing HeLa cells for proximity ligation using p115 and GM130 antibodies shows extensive red fluorescence within the perinuclear Golgi region. The localizations of GM130 and p115 are shown in insets in Fig. 7A , and both proteins are predominantly associated with the Golgi (4, 39).
We then used proximity ligation to assess the interaction between GFP-GBF1 and HA-Arf1. As shown in Fig. 7B , when GFP-GBF1 was coexpressed with HA-Arf1 and processed for proximity ligation using GFP and HA antibodies, a concentrated perinuclear Golgi staining was detected. In addition, a more peripheral punctate pattern was also evident and may correspond to the ERGIC. The more diffuse pattern may also result from the higher levels of exogenously expressed GFP- GBF1 and HA-Arf1 (Fig. 7B, insets) . We observed a similar perinuclear Golgi staining pattern when GFP-91/130 was coexpressed with HA-Arf1 and processed for proximity ligation (Fig. 7C) . The strong staining suggests that 91/130 behaves like the wild-type GBF1 and can interact with Arf1, implying that oligomerization is not required for substrate engagement.
91/130 supports secretion.
The functionality of GFP-91/130 was further probed by assessing its ability to support secretion in HeLa cells. We measured the secretion of Gaussia luciferase containing a natural secretion signal encoded by the pGLuc construct functional in human cells (57) . HeLa cells were cotransfected with the pGLuc plasmid and empty vector, the BFA-resistant GFP-795, or the BFA-resistant GFP-91/130/ 795. Cells were grown overnight to allow the expression of the exogenous proteins, BFA was added at different concentrations in fresh media, and cells were cultured for an additional 4 h. Media were collected, and the amounts of luciferase secreted under each condition were measured by luminescence. As shown in Fig. 8A , cells cotransfected with pGLuc and an empty vector show robust secretion in the absence of BFA but are significantly inhibited in secretion in the presence of even the lowest (0.5 g/ml) concentration of BFA. In contrast, cells coexpressing the pGLuc and the BFA-resistant GFP-795 maintain an almost normal secretion in the presence of the lowest levels of BFA and maintain partial secretion even at the highest (2 g/ml) levels of BFA. Similarly, cells coexpressing the pGLuc with the BFA-resistant GFP-91/130/795 also maintain secretion in the presence of increasing levels of BFA. The slightly lower levels of secretion detected for cells expressing GFP-91/130/795 might be due to lower levels of expressed protein compared with GFP-795 (Fig. 8B ). This decrease is consistent with the increased susceptibility of GFP-91/130 to degradation (see below).
91/130 supports poliovirus RNA replication. Previously, we have shown GBF1 to be an essential cellular component for poliovirus replication (6, 7) . Furthermore, we showed that providing an exogenous BFA-resistant GBF1/795 to cells in which the endogenous GBF1 is inactivated with BFA supports poliovirus replication (6) . To assess the role of oligomerization in GBF1 function during poliovirus replication, HeLa cells were transfected with an empty vector or plasmids coding for GFP-795 or GFP-91/130/795. The next day the cells were transfected with a polio replicon RNA coding for a Renilla luciferase gene and incubated in the presence of a cell-permeant Renilla luciferase substrate with the indicated amount of BFA in the medium. The luciferase signal was measured in live cells every hour for 16 h. As shown in Fig. 8C , polio replicon replication was severely inhibited in HeLa cells transfected with the empty vector in the presence of BFA. In contrast, cells transfected with the BFA-resistant GFP-795 show robust polio RNA replication, both in the absence and in the presence of BFA. Similarly, the BFA-resistant GFP-91/130/795 also supports RNA replication in the absence and in the presence of BFA. The slightly lower levels of replication observed for GFP-91/130/795 correlate with the slightly lower levels of this protein in cells (Fig. 8D) . Thus oligomerization does not appear to be required for GBF1 function in poliovirus replication.
91/130 exhibits reduced stability. Our findings suggest that oligomerization of GBF1 is not required for its localization or functions, as shown in a number of cellular assays that are well documented to be sensitive to GEF activity. However, oligomerization appears to influence the susceptibility of GBF1 to degradation as shown by the increased proteolytic cleavage by trypsin ( Fig. 1C ; full-length GBF1 is still detected at 30 min, at a time when full-length 91/130 is no longer detected). To directly compare the stability of the GFP-GBF1 and the GFP-91/130 we compared their t 1/2 . HeLa cells were transfected with GFP-GBF1 or GFP-91/130 and cultured for 18 h to allow the accumulation of the exogenous proteins. Cells were then supplemented with 20 g/ml cycloheximide to inhibit further protein synthesis and cultured for different times. At each time point, cells were lysed and equivalent volumes of lysates were processed by SDS-PAGE, followed by immunoblotting with anti-GBF1 antibodies to detect GFP-GBF1 or GFP-91/130 (migrating at ϳ230 kDa) and the endogenous GBF1 (migrating at ϳ200 kDa). As shown in representative blots in Fig. 9 , A and B, both the exogenous GFP-tagged GBF1 or GBF1/91/130 and the endogenous GBF1 are detected at all times tested. The intensity of the exogenous and the endogenous proteins decreases with time, but both bands are still visible even after 16 h of cycloheximide treatment. Analogous blots were quantified, and degradation of GFP-tagged GBF1 and GBF1/91/130 was calculated as the percentage remaining at each time point relative to 0 hour. It appears that in HeLa cells the t 1/2 of GFP-GBF1 GBF1 is ϳ10 h (Fig. 9C) . In contrast, the t 1/2 of the GFP-91/130 mutant is significantly reduced (t-test, P Ͻ 0.05) to ϳ6 h. Thus oligomerization appears to affect the degradation kinetics of GBF1.
DISCUSSION
Dimerization and oligomerization of proteins is common and often regulates their activity. For example, the ligandinduced dimerization of receptor kinases such as the EGF receptor is critical to signal transmission (14, 28) , while dimerization of steroid receptors is essential for gene transcription (18) . Similarly, the uninduced dimerization of enzymatic proteins such as triosephosphate isomerase (3) is essential for their catalytic activity. The large Arf GEFs have been shown to dimerize through their NH 2 -terminal DCB-HUS domains, but the role that oligomerization plays in their activities has not been analyzed. Previous studies that prevented GEF dimerization did so by eliminating the DCB and/or HUS domains, and therefore did not distinguish between the need for these domains vs. the need for oligomerization. We solved this conundrum by generating a full-length GBF1 with the 91/130 substitutions and assessing its function in a number of functional assays.
We initially attempted to assess the oligomerization status of GFP-91/130 by coimmunoprecipitation experiments. It has been reported that immunoprecipitation of lysates from cells coexpressing HA-GBF1 and Venus-GBF1 with anti-GFP antibodies leads to the detection of HA-GBF1 in the immunoprecipitate, suggesting that HA-GBF1 and Venus-GBF1 form heterodimers in these cells (45) . However, this conclusion should be interpreted with caution, as the study did not quantitate the amounts of HA-GBF1 and Venus-GBF1 in the starting material or the immunoprecipitates, making it impossible to determine whether the ratio of HA-GBF1 and Venus-GBF1 in the immunoprecipitates was analogous to that in the starting material. Indeed, when we coexpressed his-GBF1 and GFP-GBF1 (coexpression of both GBF1 species in the same cells was confirmed by immunofluorescence) and immunoprecipitated with anti-GFP or anti-his antibodies, we recovered ample GFP-GBF1 or his-GBF1 but were unable to recover significant amounts of GBF1 tagged with the "other" tag (data not shown). These results are not consistent with his-GBF1 and GFP-GBF1 making mixed heterodimers in cells, since in that case a 1-to-1 ratio of his-and GFP-tagged GBF1 would be recovered in each immunoprecipitate. Instead, our results suggest that two types of homodimers (containing 2 his-GBF1 or 2 GFP-GBF1) formed in the cotransfected cells. Thus we suggest that GBF1 dimerization may be cotranslational and occur when polypeptide chains are emerging from adjacent ribosomes attached to a single polysome. Ribosomes can be positioned 20 -45 codons apart within a polysome, and an mRNA coding for the 1,859 amino acids in GBF1 might support Ͼ50 ribosomes at different stages of GBF1 synthesis. The DCB-HUS dimerization domains lie within the NH 2 termini of GBF1 and would be able to fold and dimerize even before the rest of GBF1 is synthesized. It is likely that the closest dimerization partner for a nascent GBF1 polypeptide emerging from a ribosome will be a nascent peptide being translated on an adjacent ribosome on the same polysome. This would result in the homodimerization of his-GBF1 on polysomes translating a his-GBF1 mRNA and the homodimerization of GFP-GBF1 on polysomes translating a GFP-GBF1 mRNA within the same cell. Cotranslational dimerization of GBF1 on polysomes would not be expected to generate mixed heterodimers.
Because coimmunoprecipitation was not a convincing method to assess the oligomerization status of wild-type GBF1 and the 91/130 mutant, we chose native blue gels and directly demonstrate that the GFP-91/130 construct is compromised in its ability to oligomerize. Based on the previously published work, the 91/130 mutation alters dimerization of GBF1 fragments (45) ; the most plausible interpretation of our results is that full-length 91/130 is defective in dimerization. We then showed that GFP-91/130 folding is not grossly different from that of the wild-type GFP-GBF1, suggesting that oligomerization does not introduce significant structural rearrangements in GBF1.
We show that GFP-91/130 targets to membranes and under steady state localizes to the ERGIC and the Golgi but is less readily detectable at the TGN. This parallels the localization of endogenous GBF1 and of exogenously expressed wild-type GFP-GBF1, suggesting that GFP-91/130 can interact with the membrane recognition machinery that normally positions wildtype GBF1 at relevant membrane sites. The intrinsic information sufficient for membrane targeting of large mammalian GEFs appears to reside in their NH 2 -terminal region that contains the DCB and the HUS domains: amino acids 1-560 of GBF1 (33), 1-559 of BIG1 (34) , and 1-552 of BIG2 (34) alone target to membranes when expressed in cells. In addition to being sufficient, the NH 2 terminus also appears to be absolutely required for membrane recruitment: truncated GBF1 missing its first 294 amino acids does not target to the Golgi when expressed in cells (Ref. 36 and our unpublished data). Importantly, the membrane recognition machinery does not appear to require a novel interface formed by oligomerization but rather can engage a recognition site present even in the 91/130 GBF1 mutant.
When expressed in cells, GFP-91/130 readily associated with Golgi membranes but did not disrupt the Golgi in a dominant-negative manner. This phenotype is consistent with two possibilities: 1) that GFP-91/130 does not compete with the endogenous GBF1 at the Golgi, i.e., that although GFP-91/130 can interact with the cellular machinery that recruits it to membranes GFP-91/130 does not integrate into the trafficking network that GBF1 normally functions in, or 2) that GFP-91/130 competes with endogenous GBF1 but it is functional and can substitute for endogenous GBF1. To test these models, we engineered an inactivating E794K mutation into GFP-91/130 and assessed its ability to disrupt Golgi architecture. We and others have shown previously that introducing the E794K mutation into wild-type GBF1 and expressing the construct in cells causes Golgi disruption (17, 61) . Thus if the GFP-91/130 competes with the endogenous GBF1, introducing the E794K mutation into GFP-91/130 will disrupt the Golgi. Indeed, the GFP-91/130/794 mutant disrupted the Golgi in a manner indistinguishable from the GFP-794, suggesting that it competes with endogenous GBF1. Thus the observation that GFP-91/130 without the inactivating mutation does not disrupt the Golgi suggested that GFP-91/130 might be functional.
To gain initial insight into the effects of oligomerization on GBF1 catalytic activity, we assessed the FRAP kinetics of GFP-91/130. We and others have shown that the FRAP kinetics of GBF1 are influenced by its catalytic activity and that the inactivation of GBF1 through the introduction of the E794K mutation or treatment with BFA increases the FRAP time from ϳ17 s to Ͼ50 s (40, 55) . Thus slow FRAP would suggest a catalytically compromised GFP-91/130, while fast FRAP would suggest that GFP-91/130 is enzymatically active. GFP-91/130 rapidly exchanged between the cytosol and the membranes, with a t 1/2 of ϳ5 s, slightly faster than that of GFP-GBF1 (ϳ9 s), suggesting that GFP-91/130 might be catalytically active. The increased FRAP time of GFP-91/130 may be due to the smaller size of GFP-91/130 and therefore its faster diffusion rate within the cell.
The effect of oligomerization on GBF1 function was probed in multiple cellular assays that rely on GBF1 catalytic activity. To assess the activity of GFP-91/130 without interference from the endogenous GBF1, we took advantage of a single amino acid substitution (A795E) shown previously to confer BFA resistance to GBF1 (6, 26) . We engineered the A795E mutation into GFP-91/130 (and into the wild-type GFP-GBF1 that acts as a baseline control in all assays), expressed the construct in cells, and tested its ability to support GBF1 functions when the endogenous GBF1 is inactivated with BFA.
We show that GFP-91/130/795 sustains Golgi architecture in a manner indistinguishable from that of GFP-795. In addition, GFP-91/130/795 is as effective as GFP-795 in supporting COPI, FAPP2, MINT3, Golgin-160, and BIG1 recruitment to Golgi membranes in the presence of BFA. Because association of each of these proteins with the membrane requires Arf activation, our data suggest that GFP-91/130/795 binds Arf to facilitate GDP/ GTP exchange. In support, we used proximity ligation to show that exogenously expressed GFP-91/130 and Arf1-HA interact at the Golgi in situ in a manner similar to GFP-GBF1 and Arf1-HA. Our findings suggest that GFP-91/130 is analogous to GFP-GBF1 in fulfilling all the catalytic GDP/GTP exchange reactions on Arf that are required for Golgi homeostasis and protein recruitment. Thus oligomerization does not appear to play a critical role in the enzymatic activity of GBF1.
To ensure that GFP-91/130/795 maintains the integrity of the entire secretory pathway, as opposed to merely supporting Golgi architecture, we assessed secretion of a reporter secretory cargo (a luciferase from the copepod Gaussia princeps with a leader peptide that targets it into the secretory pathway). Like GFP-795, the GFP-91/130/795 mutant supported secretion in the presence of increasing concentrations of BFA, suggesting that all the compartments normally maintained by the wild-type GBF1 are also maintained by the 91/130 mutant. The slightly lower level of secretion is likely due to the lower levels of expression of the 91/130 mutant respective to the wild-type GBF1.
In addition to its physiological function in the homeostasis of the secretory pathway, GBF1 also functions in supporting the replication of some pathogenic organisms (8) . Importantly, while the physiological function requires GBF1 catalytic activity, the pathological function appears independent of the catalytic Sec7 domain (7) . Importantly, the integrity of the NH 2 -terminal region of GBF1 is essential for supporting poliovirus replication, since a GBF1 mutant lacking just 37 amino acids from the NH 2 terminus of the protein is unable to support poliovirus replication (7) . Moreover, a GBF1 truncation mutant lacking the entire COOH-terminal part of the protein downstream the HUS domain (and thus totally devoid of Sec7 activity) partially rescued poliovirus replication in the presence of BFA (7). The NH 2 -terminal region of GBF1 interacts with the 3A protein of poliovirus and a related B3 protein of coxsackievirus, and the strength of this interaction correlates with the sensitivity of replication of these viruses to BFA inhibition (Refs. 7 and 58 and unpublished observations). However, the relevance of GBF1 oligomerization to virus replication has not been explored before. We used a poliovirus replicon construct in which the region coding for viral capsid proteins is replaced by Renilla luciferase gene. This construct is fully competent in RNA replication, while the translated Renilla luciferase signal can be conveniently measured in live cells as a replication readout (5) . We show that the GFP-91/ 130/795 mutant supports the efficient replication of the replicon construct, suggesting that the 91/130 mutant can participate in all the events normally mediated by wild-type GBF1 during poliovirus RNA replication. Thus the ability to oligomerize is not part of the mechanism through which GBF1 supports poliovirus replication.
In addition to regulating function, oligomerization has been reported to promote protein stability. For example, mutations in D-phosphoglycerate dehydrogenase that prevent dimerization lead to increased degradation (35) , and mutations in the EGF receptor that prevent its dimerization lead to downregulation (11) . Similarly, preventing oligomerization of the COG complex [an octameric complex required for ER-Golgi traffic (54) ] by mutations in either the COG1 (15) or the COG8 (27) subunit leads to increased degradation of other subunits. We observed increased susceptibility to degradation of the 91/130 mutant relative to wild-type GBF1. This was evident in faster degradation of 91/130 during tryptic degradation of cell lysates in vitro, as well as the reduced half-life (from ϳ10 h to ϳ6 h) in vivo. Thus it appears that oligomerization regulates GBF1 function but does so indirectly by impacting its stability and thereby cellular levels. Our findings suggest that the evolution of GBF1 oligomerization represents a regulatory mechanism in which GBF1 protein levels rather than GBF1 catalytic activity are modulated to affect GBF1 function in cell homeostasis.
